A 42-day trial was conducted to evaluate the effects of a low-salinity biofloc system with different stocking densities on water quality and zootechnical performance of Nile tilapia fingerlings (10 g/L). Four treatments were tested at different densities: 500 fish/m³, 750 fish/m³, 1,000 fish/m³ and 1,250 fish/m 3 , all in triplicate. Fingerlings of Oreochromis niloticus (initial mean weight of 1.17 ± 0.05 g) were stocked in twelve experimental black-plastic tanks (40 L) with no water exchange during the experimental period. Molasses was added daily to the system at 30% of the amount of feed, and fish were given four daily rations of a formulated feed composed of 36% crude protein and 9% lipids. Water quality variables (dissolved oxygen, pH, salinity, TAN, NO 2 , NO 3 and PO 4
Introduction
Orechromis niloticus (Nile tilapia) is the most cultivated fish species in Brazil, representing 47.1% (239.09 × 10 3 metric tons) of total Brazilian fish production. This is linked to its resistance and adaptability to different growing environments, and the species' rapid growth rate (Costa & Fróes, 2012; NG & Romano, 2013) .
Despite these interesting zootechnical attributes found in cultivation systems using net cages and ponds with water exchange, more study of the zootechnical performance of Nile tilapia raised in intensive systems with minimal or no water exchange is necessary, and of the use of resources in systems with low flow and high levels of dissolved salts not suitable for human consumption, mainly due to the scarcity of freshwater in various parts of Brazil and the world.
Nile tilapia culture in biofloc systems is a very promising alternative, since it uses minimal or zero water exchange, high stocking densities and can reach high yields, due to the C:N ratio in the water, strong aeration and alkalinity control using microorganisms to remove and recycle nutrients (De Schryver et al., 2008; Crab et al., 2012; Emerenciano et al., 2013; Avnimelech, 2012) .
Biofloc systems have been used with great success for shrimp (Brito et al., 2014 (Brito et al., , 2016 Marinho et al., 2017; Ray & Lotz, 2017) and tilapia cultivated in freshwater (Ekasari et al., 2015; Long et al., 2015; Pérez-Fuentes et al., 2016; Alves et al., 2017; Miranda-Baeza et al., 2017; Zapata-Lovera et al., 2017) . Tilapia can adapt to a biofloc system because of their resistance to high solids levels and filter-feeding ability, thus allowing the absorption of the suspended flocs (Avnimelech, 2011) , although more information on tilapia performance in brackish water is needed.
Tilapia are excellent for cultivation not only in freshwater, but also in brackish water, due to their tolerance for salinity between 0 and 12 g/L (Likongwe et al., 1996; El-Sayed, 2006) . Other studies have shown salinity tolerance of 22.5 g/L (Kamal & Mair, 2005) and up to 35 g/L (Mapenzi & Mmochi, 2016) . In addition, freshwater fish cultivated in brackish water may save energy, which could be made available for growth (Takata & Luz, 2015) , and increased salinity may also reduce the toxicity of nitrogen compounds (ammonia-NH 3 and nitrite-NO 2 ) (Colt, 2006) , which increases at higher stocking densities.
Nevertheless, higher stocking densities of tilapia cultivated in traditional freshwater systems have been found to cause the following negative effects: decreased growth (Abou et al., 2007) , decreased survival (Ferdous et al., 2014) , increased FCR (feed conversion ratio) (Ridha, 2006) , decreased crude protein content of the fish carcass (Osofero et al., 2009) ; decreased cost-benefit ratio (Moniruzzaman et al., 2015) , decreased levels of hematological parameters: red blood cells, white blood cells, hemoglobin, hematocrit and platelets (Kpundeh et al., 2013) , and decreased plasma cortisol concentrations, which may indicate chronic stress (Barcellos et al., 1999) , despite the positive effect on increased yield (Suresh & Lin, 1992) .
The effects of stocking densities (25, 50, 100 fish/m 3 ) of Oreochromis sp. in culture systems with and without bioflocs have been reported by Widanarni et al. (2012) , with higher zootechnical performance obtained in the biofloc system. In this sense, this study evaluated the effects of a low-salinity biofloc system with different stocking densities on water quality and zootechnical performance of Nile tilapia fingerlings.
Material and methods

Experimental conditions
A 42-day indoor trial was conducted at the Sustainable Mariculture Laboratory (LAMARSU) of the Department of Fisheries and Aquaculture (DEPAq) of the Federal Rural University at Pernambuco (UFRPE), Recife, Brazil (08 ○ 01'00.16"S, 034 ○ 56'57.74"W). The experimental design was completely randomized with four stocking densities: BFT-500 (500 fish/m 3 ); BFT-750 (750 fish/m 3 ); BFT-1000 (1,000 fish/m 3 ) and BFT-1250 (1,250 fish/m 3 ), all in triplicate. All procedures were previously approved by the Ethics Committee on Animal Use of UFRPE under license number 129/2016.
To prepare the biofloc system, a fiberglass matrix tank was filled with 1.4 m 3 of water with a salinity of 10 g/L, previously disinfected with 13 mg/L of active chlorine. After 72 hours of aeration, the water was fertilized with urea and triple superphosphate at concentrations of 3 and 0.3 mg/L, respectively. Organic fertilization was also conducted by adding 196 g of sugarcane molasses and 37 g of pulverized feed (36% crude protein) to produce bioflocs (15 mL/L of settleable solids). The carbohydrate:nitrogen ratio was maintained at 12:1 and was calculated according to De Schryver et al. (2008) .
The experimental units (50 L volume, 0.20 m 2 bottom surface area) were filled with the homogenized bioflocs from the matrix tank up to ~50% of their volume, and the remaining volume was filled with previously treated salt water (10 g/L). All experimental units were maintained under constant aeration by three air stones per tank. No water exchange was conducted during the experimental period, except for the addition of dechlorinated freshwater to compensate for evaporation losses. Light intensity was kept at 2000 lux using a fluorescent lamp with a 12 h light/12 h dark photoperiod. Molasses was added once a day at an amount of 30% of the feed offered. Hydrated lime (Ca(OH) 2 -81% neutralization power) was added twice a week at 20% (by weight) of the total weekly feed.
Water quality
Dissolved oxygen, temperature, salinity and pH (YSI model 556, Yellow Springs, OH, USA) were monitored twice a day (at 08:00 am and 04:00 pm). Total ammonia nitrogen (TAN) (Hansen & Koroleff, 2007) , nitrite (NO 2 ) (Golterman et al., 1978) , nitrate (NO 3 ) (Mackereth et al., 1978) , total suspended solids (TSS) (APHA et al., 2005) , orthophosphate (PO 4 3 ) (APHA et al., 2005) and alkalinity (mg/L CaCO 3 ) (Felföldy et al., 1987) were monitored once a week. Settleable solids (SS) were monitored three times per week with an Imhoff Cone (Avimelech, 2012), and when their volume in the experimental tanks reached 30 mL/L, a settler was used to maintain SS values below this limit.
Fish stocking, feeding and monitoring
Sex reversed male fingerlings of Nile tilapia (O. niloticus) (1.02 ± 0.02 g body weight) were obtained 3 from a commercial hatchery (Piscicultura Vale da Mina, Paulista, Pernambuco, Brazil) and maintained in a fiberglass tank, with a useful volume of 360 L (0.4 × 1.5 × 0.6 m), at a density of 1,000 fish/m 3 and under a natural photoperiod. Throughout the acclimatization period (5 days), salinity was increased at a rate of 2 g/L day until reaching a salinity of 10 g/L by replacing freshwater from experimental units with seawater (35 g/L). All animals (1.17 ± 0.05 g) were maintained at the desired salinity for seven days prior to the experiment, and then relocated into experimental units of rectangular polypropylene tanks (50 L) at densities of 500, 750, 1,000 and 1,250 fish/m 3 .
Tilapia fingerlings were fed a commercial feed composed of 36% crude protein, 4% crude fat, 5% crude fiber and 12% moisture, at a feeding level of 8% fish biomass/day in the first week (powder feed), with a gradual reduction in the amount of feed until reaching a rate of 5% biomass/day (2.6 mm feed). Daily feed rations were split into four equal quantities and fed at 08:00 am, 11:00 am, 02:00 pm and 05:00 pm in all experimental units.
Fish weight (BEL Engineering M503, 0.001 g) and length (ichthyometer) were monitored weekly (30% of population) in each experimental unit to determine biomass and survival. All fish were counted weekly in each experimental unit to determine available survival. At the end of the experiment, biomass gain, final mean weight (W), final length, survival, FCR, specific growth rate (SGR), protein efficiency ratio (PER), yield, water consumption (WC) and sedimentation time (ST) were calculated, based on the following equations:
Biomass 
Statistical analysis
Statistical analyses of the data were performed using Statistica software version 10.0 (StatSoft). Data were checked for the homogeneity of variances with the Cochran test (α ≤ 0.05) and normality using the Shapiro-Wilk test (α ≤ 0.05). One-way variance analysis (ANOVA) was conducted to evaluate the zootechnical performance variables and repeated ANOVAs were used to compare water quality data, followed by the Tukey test to compare means (α ≤ 0.05). Nitrogen compounds (TAN, NO 2 and NO 3 ) were evaluated with the Kruskal-Wallis non-parametric test followed by Dunn's multiple comparison test (α ≤ 0.05). The Pearson correlation coefficient test (r) (α ≤ 0.05) was used to verify the relationship between water quality variables and zootechnical performance variables of the fingerlings.
Results
The water quality variables of temperature (28.8 to 29.5°C), dissolved oxygen (4.3 to 6.5 mg/L), pH (6.2 to 8.8) and salinity (10.4 to 11.5 g/L), were not significantly affected (α > 0.05) by stocking density (Table 1) .
TSS increased during culture time with increasing stocking densities, reaching average values close to 600 mg/L (573.49 mg/L in BFT-1000; 677.19 mg/L in BFT-1250) ( Table 1) . SS also increased during culture time and were significantly affected (α <0.05) by stocking density (Table 1) .
Significant differences in alkalinity were found in BFT-1250 and BFT-1000 as compared to BFT-750 and BFT-500 (Table 1) . A reduction in alkalinity occurred in the second week, although the addition of inorganic carbon (hydrated lime-Ca(OH) 2 ) twice a week at 20% (by weight) of the total weekly feed was sufficient to maintain alkalinity levels above 100 mg/L.
The principal dissolved inorganic nitrogen com pounds were NO 3 , which ranged from 0.85 to 0.90 mg/L, followed by NO 2 with concentrations ranging from 0.48 to 0.49 mg/L, and TAN ranging from 0.30 to 0.44 mg/L. No significant differences (α <0.05) were observed in the nitrogen compounds with stocking density increases (Table 1) . PO 4 -3 concentrations were significantly higher in BFT-1250 (2.82 mg/L) and BFT-1000 (2.85 mg/L) as compared to BFT-500 (2.60 mg/L) (Table 1) .
In relation to water consumption, BFT-1250 and BFT-1000 treatments had the highest consumption (101.54-94.77 L/kg) and BFT-500 the lowest (52.48 L/kg). The use of settling chambers was necessary in all experimental units, but its sedimentation time in BFT-1250 was significantly higher (305 h/kg) than in the other treatments (238-271 h/kg) ( Fig. 1) .
Fish survival rates were all above 96% during the 42-day experimental period and significant differences (α ≤ 0.05) were found in BFT-500, BFT-750 and BFT-1000 compared to BFT-1250. Fish growth (final weight and final length) were more accelerated at the lowest DO= dissolved oxygen; TSS= total suspended solids; SS= settleable solids; TAN= total ammonia nitrogen. (2) The data correspond to the mean of six weeks ± standard deviation. Different letters on the same row indicate a significant difference (α < 0.05).
stocking density (BFT-500) as compared to the highest density (BFT-1250), although resulted in a lower yield. No significant differences (α > 0.05) were observed for SGR and FCR, but significant differences (α ≤ 0.05) were observed for PER between BFT-1250 and the other stocking densities (Table 2) .
Weight gain and length had positive correlations with alkalinity and TSS, and negative correlations with density, NO 3 and PO 4 -3 . For FCR, the inverse was found, negative correlations with alkalinity and TSS, and positive correlations with PO 4 -3 . As for yield, a positive correlation with density and TSS was recorded, and a negative correlation with survival and density. Water consumption had a negative correlation with density, TSS and PO 4 -3 (Table 3 ).
Discussion
The water quality variables (dissolved oxygen, temperature, salinity and pH) in the culture water were within the range recommended for Nile tilapia culture (El-Sayed, 2006) . TSS and SS increased in higher stocking densities, probably due to increasing amounts of feed, molasses and feces. Peaks of TSS (1,005 mg/L) were found in BFT-1250 on the fourth week of culture, but its mean value was close to 500-600 mg/L for the stocking densities evaluated. These amounts are similar to those observed by Long et al. (2015) who investigated the effects of biofloc technology on growth, digestive activity, hematology, and immune response at a C:N ratio of 15, and Zapata-Lovera et al. (2017) who evaluated C:N ratios of 10, 15 and 20. According to Avnimelech (2012) TSS can reach 1,000 mg/L in tilapia culture with bioflocs.
SS also presented the same rise as stocking density increased, however, the values were within the range (5 to 50 mL/L) recommended by Avnimelech (2011) , possibly due to the settler used to maintain SS values under this limit. High concentrations of solids are not favorable for fish growth, since they contribute to a greater consumption of oxygen, and may cause accumulation of organic matter and obstruction in fish gills (Hargreaves, 2006; Avnimelech, 2011) .
Although the treatments with higher stocking densities presented lower alkalinity values, these were higher than 100 mg/L, as recommended by Hargreaves (2013) , so as not to interfere with nitrification processes by nitrifying bacteria and absorption of ammonia by heterotrophic bacteria. The alkalinity values were maintained at ideal values by corrections made with calcium hydroxide.
The concentrations of TAN and NO 2 were low and related to the use of water from a biofloc matrix tank (50% of the tank volume), so that only 30% molasses was used in relation to the quantity of feed supplied. Low TAN and NO 2 concentrations were also observed in other studies that used previously prepared biofloc water (Pérez-Fuentes et al., 2016; Zapata-Lovera et al., 2017) . The use of such water prior to fish stocking led to an increase in heterotrophic and nitrifying bacteria, SGR= specific growth rate; FCR= feed conversion ratio; PER= protein efficiency ratio; WC= water consumption; ST= sedimentation time. (2) The data correspond to the mean of three replicates ± standard deviation. Different letters on the same row indicate a significant difference (α < 0.05). which transform ammonia into microbial biomass and NO 3 , respectively. A higher concentration of NO 3 than other nitrogen compounds indicates that the controlled addition of molasses does not inhibit the development of nitrifying bacteria. The stocking densities tested did not seem to influence these nitrogen compounds, contrasting with results obtained in a system without addition of an organic carbon source (Luz et al., 2012) .
In biofloc systems there is an increase of PO 4 -3 concentrations in the water (Luo et al., 2014; Day et al., 2016) . According to Thakur & Lin (2003) , a large portion (38. .7%) of the phosphorus that enters pond systems is deposited in the sediment, which does not exist in biofloc systems. This accumulation was influenced by the increased stocking density, with increasing input of phosphorus by feed addition.
Effects of increased stocking density on WC and ST were observed, where the treatments with higher densities of 1,000 and 1,250 fish/m 3 (respectively 94.77 and 101.54 L/kg) presented significantly higher values (Fig. 1) . These higher values are related to the higher concentration of TSS and SS, leading to the need for a longer total time of settling chambers, and consequently greater water replenishment. Despite the higher use of water at the higher densities tested, the amount is still much lower than in traditional systems with water renewal. Zapata-Lovera et al. (2017) evaluated water consumption in tilapia culture in a water exchange (1,800 L/kg) and a biofloc system (90-190 L/kg) and found that a biofloc system can be used to produce tilapia, especially in places with limited water availability.
The lowest survival (96.82%), final weight (12.4g) and final length (8.84 cm) was found in BFT-1250, indicating the negative effect of high density. Waterflow systems, such as raceways (Silva et al., 2002) and cages (Maeda et al., 2010) , also have reductions in final weight at increased stocking densities. These results suggest greater competition for feed and space due to cannibalism and stress, influencing the performance of the fingerlings.
SGR and FCR were not influenced by the stocking density, and our results were similar to those observed in other studies with tilapia in freshwater biofloc systems (Zapata-Lovera et al., 2017) , thus indicating that the effect of a salinity of 10 g/L in a biofloc system does not seem to influence the productive performance of tilapia at the densities studied. However, PER was influenced by the increased stocking density, since the lowest values were found in the BFT-1250 treatment, due to the lower performance of the organisms. In relation to salinity, some studies have found a decrease in the hematological parameters and histopathological alterations at increased water salinity levels (Azevedo et al., 2015) , however, in biofloc systems salinity does not seem to be the main stress factor for fish. According to Lima (2017) , tilapia grown in a biofloc system with salinity of 10 g/L and high levels of settleable solids (55 mL/L) show signs of stress (reddish body extremities) and hemorrhaging, leading to reduced growth and decreased survival. However, the higher solids levels did not appear to have negatively influenced yield, since the treatments with higher stocking density presented a yield of 15 kg m -3 . Biomass produced in biofloc systems can result in a yield of 10-40 kg/m 3 (Avnimelech, 2007) , similar to the results observed in this study (9.4-15 kg/m 3 ), therefore indicating good results even at a salinity of 10 g/L.
To summarize, the results of this study confirm the zootechnical potential of Nile tilapia fingerling cultivated in a low-salinity biofloc system, with a positive effect of stocking density increase on yield, but a negative effect on zootechnical performance (survival, final weight and final length), water quality (TSS, SS and PO 4 -3 ), WC and ST. It is possible to increase the stocking density of Nile tilapia fingerlings up to 1000 fish/m³ in a lowsalinity biofloc system, since this has no effect on the zootechnical potential. However, studies are needed to determine the economic viability and compensatory growth for Nile tilapia fingerling culture in the growth stage.
